Lymphatic mapping and sentinel node biopsy are well-established techniques for staging and managing patients with melanoma, breast cancer and other malignancies that spread initially to the regional lymph nodes. Identification of tumor in the sentinel node is the most precise staging technique currently available. The sentinel node is the site of metastatic melanoma in approximately 20% of melanoma patients and if tumor is present in the sentinel node it is customary to perform a complete dissection of the lymph nodes of the affected nodal basin. This may be overtreatment for some patients as tumor is identified in the nonsentinel nodes of only one-third of sentinel node-positive melanoma patients treated by completion lymphadenectomy. If it were possible accurately to identify the minority of patients with tumor in the nonsentinel nodes, the patients most likely to benefit from lymphadenectomy, the remaining patients could be spared a potentially morbid operation that is unlikely to confer clinical advantage. In 90 patients with a melanoma-positive sentinel node, who subsequently had a completion lymphadenectomy, we evaluated and compared the capacity of characteristics of the primary melanoma and of the sentinel node to predict individuals likely to have tumor in nonsentinel nodes. We assessed the Breslow thickness of the primary, the amount of tumor in the sentinel node (relative tumor area) and, as an index of immune modulation of the sentinel node, the density of dendritic leukocytes in the nodal paracortex. The relative area of tumor in the sentinel node and Breslow thickness of the primary melanoma most accurately predicted the presence of tumor in the nonsentinel nodes (P ¼ 0.0001 in both cases-Wilcoxon rank sums). The presence of melanoma in the nonsentinel nodes was also predicted by the density of dendritic leukocytes in the paracortex (P ¼ 0.008-Wilcoxon rank sums). These three observations assessed alone and in combination predict the presence of tumor in the nonsentinel nodes with high accuracy. The same characteristics also significantly correlated with tumor recurrence (tumor burden, P ¼ 0.0001, Breslow, P ¼ 0.0001 and dendritic cell density, P ¼ 0.0007) and death from melanoma (tumor burden, P ¼ 0.0001, Breslow, P ¼ 0.0001 and dendritic cell density, P ¼ 0. Keywords: melanoma; sentinel node; tumor burden; immune suppression; tumor recurrence; melanoma death
The techniques of lymphatic mapping and sentinel node biopsy were developed to improve the management of patients with high-risk (thick and deep) primary melanoma with a high potential for metastases, but no clinical evidence of metastatic spread. 1, 2 These techniques have widely been adopted and applied to the management of melanoma, cancer of the breast, 3 colon, 4 ,5 penis, 6 vulva 7 and other tumors that metastasize via the lymphatics. 8 The approaches accurately stage tumor extension to the regional lymphatic basin and spare many patients the morbidity of extensive nodal surgery. The impact of the approach on overall survival will remain unknown until outcome analysis of ongoing clinical trials is complete. 9 The frequency of a melanoma-positive sentinel node is remarkably similar in many published clinical reports, in the region of 20%, with minor variations that reflect the thickness of the primary melanomas that comprise each individual study. At present, all patients who have a melanomapositive sentinel node undergo subsequent complete dissection of the affected node basin (completion lymphadenectomy). When the nonsentinel lymph nodes excised at complete dissection are evaluated microscopically (hematoxylin and eosin (HE) and immunohistochemically stained slides), only one-third of completion lymphadenectomy specimens contain nodes that harbor melanoma cells. 9 Thus, in two-thirds of the patients who have a melanoma-positive sentinel node, metastatic tumor is found only in the sentinel node. It is probable that patients with metastatic melanoma confined to the sentinel node do not require completion lymphadenectomy. There is a need for techniques that identify patients who, despite a tumor-positive sentinel node, have a low probability of metastatic tumor in the nonsentinel nodes. If this identification could be made with high accuracy completion, lymphadenectomy could be reserved for patients with a substantial likelihood of metastases in the nonsentinel node.
How could such a prediction be made? Characteristics of the primary tumor and the sentinel node are promising sources of information. Micrometermeasured thickness remains the most durable single characteristic of the primary melanoma that correlates with clinical outcome. 10 We have previously shown that the amount of tumor in lymph nodes, measured as tumor area relative to lymph nodal area is a highly accurate predictor of clinical outcome.
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Micrometer-assessed evaluation of relative tumor burden in lymph nodes is an excellent surrogate for more cumbersome assessments of tumor area or volume. 11 Sentinel nodes show selective immune modulation, most readily seen as alterations of the relative area of the nodal paracortex and the area, frequency and dendritic morphology of paracortical dendritic leukocytes. [12] [13] [14] In this report, we have analyzed these indices in patients with metastatic melanoma in the sentinel node and assessed their capacity, individually and in combination, to predict the tumor status of nonsentinel node and the likelihood of tumor recurrence and death from melanoma.
Materials and methods
The subjects of this study were 90 patients with cutaneous malignant melanoma who were found to have metastatic melanoma in at least one sentinel node in sections stained by HE or on immunohistochemistry using antibodies to S-100 protein and HMB-45. These patients are drawn from a group of 500 melanoma patients treated by lymphatic mapping and sentinel node identification and evaluation at the Center for Health Sciences, UCLA or The John Wayne Cancer Institute, St John's Hospital and Health Center, Santa Monica. The remaining 410 patients showed no evidence of metastatic melanoma in the sentinel node on evaluation by HE histology or immunohistochemistry and did not receive a completion lymph node dissection.
The sentinel nodes were bisected through the longest meridian and 10 fully representative sections were prepared from each cut face of the node. Using our standard protocol, 15 sections 1, 3, 5 and 10 were stained with HE, section 2 for S-100 and section 3 for HMB-45. If suspicious, but not completely diagnostic appearances were encountered, additional series of 10 sections were cut from both halves of the sentinel node and stained in the same manner. This practical approach balances desirable extensive sampling with the requirements for cost containment.
For each patient, we evaluated the micrometermeasured thickness of the primary tumor. 10 We next determined the area of the node that was occupied by tumor, using a computer-assisted image analysis program (Planar Morphometry, Version 2.1, Southern Micro Instruments, Atlanta, GA, USA) and expressed this as a percentage of the total area of the sentinel node. In sections stained for S-100 protein, we assessed the area of the node occupied by interdigitating dendritic cells of the paracortex and expressed this as a percentage of the total area of the node. 1, 13 We also determined the density of interdigitating dendritic cells/mm 2 in the nodal paracortex using the technique described by Huang et al.
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All 90 patients had a completion lymph node dissection. All excised nonsentinel nodes were evaluated for the presence of melanoma by examining HE-stained sections and sections immunostained for S-100 protein and HMB-45.
We obtained information on the subsequent clinical course of these patients, dividing them into those who remained tumor free and those who recurred and died of melanomatosis. Median followup was 7 years with a range from 1 to 13 years. Where melanoma had recurred, we recorded the time from nodal surgery to recurrence.
We assessed and correlated primary tumor thickness, the amount of tumor in the sentinel node and the area and density of integrating dendritic cells in the sentinel node with the presence of melanoma in the nonsentinel node. We also related these parameters of the primary melanoma and sentinel node to tumor recurrence and death from melanoma. The various features were compared for their ability to predict the presence or absence of tumor in the nonsentinel nodes, melanoma recurrence and death from melanoma.
Statistical techniques employed were the Wilcoxon rank sums, logistic regression, tree-based modeling, Cox proportional hazard regression modeling, the log rank test and receiver operating characteristic curves. (Table 1 , Figures 1 and 2) On a univariate basis (Wilcoxon rank sums), all four parameters evaluated were significantly correlated with nonsentinel node tumor status. The mean Breslow thickness of the primary melanoma of the 71 patients with no tumor in the nonsentinel node was 2.3271.41 mm, compared to 3.8571.79 mm for the 19 patients in whom tumor was identified in the nonsentinel (P ¼ 0.0001). The mean relative area of the sentinel node occupied by tumor was 4.3713.2% for patients who had no tumor in the nonsentinel, compared to 30.46726.13% for patients with tumor present in the nonsentinel (P ¼ 0.0001). The area of the sentinel node occupied by S-100 þ interdigitating dendritic cells was significantly less in patients with tumor in the nonsentinel (mean 2.1272.91%) than in the individuals with tumor-free nonsentinel node (mean 6.18710.56%) (P ¼ 0.0245). The mean density of S-100 þ interdigitating dendritic cells in the sentinel node was significantly higher in patients with tumor-free nonsentinel node (69.34756.33/mm 2 than in the sentinel node of individuals who had melanoma in the nonsentinel node (35.65731.56/ mm 2 ) (P ¼ 0.008). A logistic regression model was used to evaluate the relative power of the various factors to predict the likelihood that there would be melanoma in the nonsentinel node. Tumor burden in the sentinel node and the Breslow thickness of the primary melanoma were selected as significant predictors of nonsentinel node tumor status by this approach. Tumor burden in the sentinel node was the most significant predictor (P ¼ 0.0013) with an odds ratio of 1.06 (95% CI, 1.02-1.09). Breslow thickness was almost as strong a predictor (P ¼ 0.0033) with an odds ratio of 1.49 with a 95% CI of 1.03-2.15.
Results

Prediction of the Presence of Melanoma in NonSentinel Nodes
A tree-based modeling technique was used to explore the prediction rules that could be applied ( Figure 1 ). When melanoma occupied 4% or more of the sentinel node 17/26 patients (65.4%) had tumor spread to the nonsentinel node. In contrast, if less than 4% of the sentinel node was occupied by melanoma only 2/64 patients (3%) had tumor in the nonsentinel node (P ¼ 0.001-w 2 ). Tumor occupied less than 1% of the sentinel node in 52 patients and none of these individuals had tumor in the nonsentinel node. When tumor occupied 1-4% of the area of the sentinel node, 2/12 patients (16.7%) had tumor in the nonsentinel node (P ¼ 0.03). In patients with low tumor burden (1-4% of nodal area), tumor extension to nonsentinel nodes is more likely if the area of the node occupied by S-100 þ interdigitating dendritic cells is small (a finding that likely reflects nodal immune downregulation) (data not shown in figure) . Thus, in patients with low tumor burden, a nonsentinel node contained tumor in 2/5 patients (40%) if the interdigitating dendritic cells occupied less than 2% of total lymph node area. None of 7 patients in whom interdigitating dendritic cells occupied more than 2% of total lymph node area had tumor in a nonsentinel node.
To further assess the relative discriminatory capacities of tumor burden, Breslow thickness and dendritic cell area and density as predictors of nonsentinel node tumor status, we obtained the areas under the receiver operating characteristic curves and plotted ROC curves. Tumor burden was the most effective predictor of nonsentinel node tumor status, followed by Breslow thickness, dendritic cell area and dendritic cell density (Figure 2 ). (Table 2) Considering the individual parameters, both the thickness of primary melanomas and the amount of tumor in the sentinel node (as a percentage of the lymph node area) were very closely correlated with clinical outcome. The density of interdigitating dendritic cells in the paracortex was also significantly correlated with the outcome, but less closely than were primary tumor thickness or sentinel node A proportional hazard regression model was used to examine the association of primary tumor thickness, amount of tumor in the sentinel node and density of interdigitating dendritic cells in the sentinel node with clinical outcome. The model selected tumor burden and micrometer-measured thickness as the most significant predictors of melanoma death or survival. Tumor burden was the strongest predictor with a risk ratio of 1.02 (95% CI, 1.01-1.04) (P ¼ 0.0015). Primary tumor thickness was the second most potent predictor with a risk ratio of 1.23 (95% CI, 1.02-1.48) (P ¼ 0.0297). Figure 1 A tree-based modeling technique was used to explore rules that can be applied to predict metastatic melanoma in the NSN. The tree structure is depicted above. *Number of patients with positive NSN/total patients (percentage with positive NSN). wThe P-value is derived from analysis of the split using w 2 test. A regression tree structure (Figure 3 ) selected the predictors that were identified by the proportional hazard model. In all, 34 of the 90 patients (38%) died of melanoma and disease-specific death clearly related to the amount of tumor in the sentinel node. A total of 20 of 26 individuals (77%) who had melanoma that occupied more than 4% of the sentinel nodal area died of melanoma (77%). In contrast, 14/64 patients (22%) with melanoma that occupied less than 4% of the sentinel node area died of melanoma (22%) (P ¼ 0.0001). The 64 individuals who had a relatively small amount of tumor in the sentinel node (o4%) could be further subdivided on the basis of the density of paracortical dendritic cells. In total, 11 of 33 patients (33%) who had less than 65 paracortical interdigitating cells/mm 2 in the sentinel node died of melanoma. This compares with 3/31 melanoma deaths in patients who had more than 65 paracortical interdigitating dendritic cells/mm 2 in the sentinel node (10%) (P ¼ 0.0185). Survival curves (Figure 4 ) show significant survival differences that relate to the amount of tumor present in the sentinel node. In the case of patients with a low tumor burden (o4%) individuals with abundant interdigitating dendritic cells (indicating nodal immune competence) survived better than those with fewer interdigitating dendritic cells (indicating immune downregulation) (P ¼ 0.0185), the area of the sentinel node being occupied by interdigitating dendritic cells. Patients with a higher tumor burden (44%) survived less well than those with a relatively low tumor burden (o4%) (P ¼ 0.0001) in both comparisons. (Table 3 and Figures 5 and 6) The factors that are associated with melanoma recurrence, amount of tumor in the sentinel node and micrometer-measured thickness of the primary tumor are identical to those correlated with likelihood of death from melanoma.
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Discussion
The techniques of lymphatic mapping and sentinel node biopsy have been accepted with remarkable enthusiasm. The appeal of the approaches lies in their ability to identify preoperatively the lymph node(s) most likely to contain early metastatic melanoma. The presence or absence of tumor in the sentinel node accurately predicts whether or not there will be tumor in other nodes of the lymph node group. 2, 9 The underlying principle, that there is a lymph node (or nodes) that are uniquely susceptible to first colonization by lymphatic spread tumor cells, seems sound. The principle applies not just to cutaneous melanoma but to breast cancer, 3 Merkel cell cancer, 16 squamous carcinoma of the skin and vulva and tumors of the gastrointestinal tract. 4, 5 The position of the sentinel node is determined by the course of the lymphatics that drain the body site of the primary tumor rather than the fixed anatomic position of individual node(s) relative to the primary tumor. It is necessary to use a visible dye and/or radioactive marker to highlight the relevant afferent lymphatics and the lymph node that is their destination. 9 Regardless of the histologic type of the primary tumor, the findings are basically similar. The nodes identified by dye and/or isotope as sentinel are preferentially the site(s) of the earliest stages of metastasis. 17 In the great majority of patients with a positive sentinel node, tumor cells are identified in a single node and it is very unusual to identify tumor cells in more than three lymph nodes. 17 Tumor cells are usually few in number and are most often identified, dispersed singly or as microcolonies of up to 20 cells, in the subcapsular sinuses. 8, 15 Less often tumor cells are identified in afferent lymphatics or deeper sinuses. The relatively small number of tumor cells that is characteristically present makes it essential to supplement conventional HE staining with appropriate immunohistochemical reagents. 15 Regardless of the histological type of the primary tumor, the great majority of sentinel nodes contain no tumor and in this case the nonsentinel nodes of the regional node group will be free of tumor. If the sentinel node contains tumor, some patients will also have tumor cells in at least one of the nonsentinel nodes removed at completion of the lymph node dissection. The amount of tumor present in the nonsentinel nodes is usually limited, scattered single cells or microcolonies affecting only one or two nodes. 17 It is customary to perform a complete lymph node dissection only if the sentinel node contains tumor. This spares the 80% of patients who have no tumor in the sentinel node complete lymphadenectomy, an operation that carries substantial morbidity (mainly edema and limb dysfunction) and is unlikely to confer survival benefit on this group of patients. Determination of sentinel node status thus crisply separates melanoma patients into high-and lowrisk groups, providing, for the first time, a logical basis on which assessment of the need for additional surgery and adjuvant therapy can be based. Given our present knowledge, it is reasonable to justify completion lymphadenectomy for the small minority of patients who have tumor in both sentinel and nonsentinel nodes. Two-thirds of melanoma patients with a positive sentinel node have no tumor identified in the nonsentinel nodes removed at completion lymphadenectomy and it is less easy to justify a major operation for these individuals. It is arguable that if these individuals could be identified preoperatively, they could and should be spared complete lymphadenectomy.
The data from this study and other studies 18 suggest that it is possible to identify patients with a positive sentinel node who are unlikely to have metastatic tumor in the nonsentinel nodes. Our data indicate that a relatively simple assessment of tumor area relative to nodal area 11, 19, 20 provides a strong indication of the likelihood of the presence of tumor in the nonsentinel nodes. Thus, 17/26 patients (65.4%) with metastatic melanoma that occupied more than 4% of the sentinel node (high tumor burden) had tumor in at least one nonsentinel node. Nonsentinel node tumor was significantly less frequent in patients in whom tumor occupied less than 4% of the sentinel node (low tumor burden) (2/ 64-3.1%, P ¼ 0.001). Patients with low tumor burden in the sentinel node could be further subdivided into more precise risk categories. Thus, 0/52 patients with sentinel node that were less than 1% replaced by tumor (very low tumor burden) had tumor in the nonsentinel node. This contrasts with 2/12 patients (16.7%) with sentinel node that contained 1-4% of tumor who had tumor in the nonsentinel node (P ¼ 0.03). Patients with a low tumor burden in the sentinel node who had tumor in the nonsentinel node additionally showed a reduced Figure 3 A tree-based modeling technique was used to explore rules that can be used to predict death from melanoma or survival. The tree structure is depicted above. wLog rank test.
number and density of interdigitating cells, a finding that likely indicates relative immune suppression of the sentinel node. 1, 13, 14 Patients with a low tumor burden in the sentinel node who had no tumor in the nonsentinel node had a higher frequency and density of interdigitating dendritic cells. These observations that correlate tumor extension with tumor burden and nodal immune status are biologically relevant as the same attributes relate clearly and significantly to the likelihood of recurrence and death from melanoma. We have chosen to develop the argument on the basis of nodal tumor burden as this seems to be the strongest predictor of nonsentinel node tumor status, but clearly it would be possible to construct a similar model on the basis of Breslow thickness of the primary melanoma. There is, however, some measure of disagreement in published reports on the predictive value of micrometer-measured thickness of the primary melanoma. Some studies report that thin primary melanomas are associated with a low incidence of tumor spread beyond the sentinel node, [21] [22] [23] [24] [25] while others have not reported this correlation. 26, 27 The algorithmic approach that we present is practical and yields reliable information. It may be criticized as less than ideal on the grounds that measurement of tumor area is cumbersome and not part of the day-to-day activities of practicing pathologists who are called upon to assess sentinel nodes. It is certainly encouraging that others report excellent predictive result, based on area of sentinel node metastases. 20, 28 We have previously shown that that maximum tumor diameter, measured by an ocular micrometer is an acceptable surrogate for tumor area in evaluating tumor burden in lymph nodes. 11, 29 The approach of using micrometric assessment of metastatic tumor diameter has been profitably developed by Starz et al, 30, 31 in Augsburg, and alone or in combination with determination of the number of 1-mm-thick slices of the sentinel nodes that contain tumor applied to the evaluation of sentinel nodes. The use of ocular micrometers to evaluate the diameter of metastases in sentinel node has also been reported by Wagner et al, 32 and Ranieri et al. 33 We are currently collaborating with the Augsburg group to compare the predictive value of area measurements of nodal tumor with the information obtainable by evaluation of the micrometer-measured maximum diameter nodal tumor. If the micrometer approach provides guidance comparable to the tumor predictive accuracy of tumor area assessment, it would be preferable as a relatively simple approach since the technique is already widely used in routine anatomic pathology evaluation. The relative efficiency of these two approaches will be tested in an upcoming National Cancer Institute study. Figure 5 A tree-based modeling technique was used to explore rules that can be applied to predict patients likely to develop recurrent melanoma. The tree structure is depicted above. * Patients with recurrent melanoma/total patients (percentage of patients who recurred). wThe P-value is derived from analysis of the split using w 2 test. . Group C is patients with more than 4% of the SN replaced by tumor. Statistical comparisons using the log rank test: AvB, P ¼ 0.0185, AvC, P ¼ 0.0001 and BvC, P ¼ 0.0001
The criticism, that evaluation of tumor area is nonstandard, time consuming and an added expense, could also be applied to our observation that in the low tumor burden patients the presence of tumor in the nonsentinel node correlates with reduced frequency and density of interdigitating dendritic cells. We have shown that that there is a reduction in dendritic cells in nodes anatomically close to tumor 12 and in the sentinel nodes of patients with breast cancer 13 and melanoma. 1, 14 Reduction in dendritic cell frequency, density and loss of antigenpresentation-associated polydendritic morphology point to dysfunction of interdigitating dendritic cells in sentinel nodes. The degree of interdigitating dendritic cell reduction is variable in different sentinel nodes and more severe degrees of reduction are correlated with enhanced likelihood of there being metastatic tumor in the sentinel and nonsentinel nodes. In this study, the contribution of the interdigitating dendritic cells data to the analytical process seems relatively small and it may be that at a practical level it will not be essential to include this type of analysis. If more extended studies confirm our preliminary findings it will be necessary to devise a relatively simple and practical technique to assess the interdigitating dendritic cells population of sentinel node. Continued study of nodal dendritic leukocytes and other immunologically active cells is in any case likely to yield important and potentially practical information in regard to the interaction of primary melanoma (and other tumor) and adjacent lymphoid tissues.
Relatively simple pathologic approaches can, in the experience of many investigators, provide valuable assistance in determining the extent of surgery required for patients with early metastases of melanoma in the sentinel node. It has been shown that similar approaches are also applicable to evaluation of the sentinel node in breast cancer 18, 34 and Merkel cell carcinoma 31 and it will be important to assess whether similar approaches can be successfully applied to sentinel node removed from patients with other kinds of cancer. The evaluations required to go some distance beyond routine pathological assessment, but if it is shown that there is value for patient evaluation and management, pathologist will undoubtedly incorporate these new tasks in the range of their activities. Figure 6 Curves reflecting time to melanoma recurrence related to different amounts of tumor in the sentinel node ((A), (B), (C)) and differing densities of IDC ((A), (B)). Group A is patients with less than 4% of the SN replaced by tumor and IDC density less than 65/mm 2 . Group B is patients with less than 4% of the SN replaced by tumor and IDC density greater than 65/mm 2 . Group C is patients with more than 4% of the SN replaced by tumor. Statistical comparisons using the log rank test: AvB, P ¼ 0.0078, AvC, P ¼ 0.0001 and BvC, P ¼ 0.0001.
